The purification method was improved and ADH-1 from skipjack liver was purified and characterized. This enzyme was a tetramer with subunit molecular weight of 33 kDa and distinct from mammalian ADHs. This enzyme was a SH-enzyme that was inhibited by SH-blocking reagents and had a higher affinity for butanol and ethanol, but a lower affinity for hexanol and propionaldehyde. K m value of alcohols did not decrease with an increase in the chain length of alcohol as true in mammals. The isozymes were present in skipjack liver as well as mammals and grass carp. However, it was suggested that another type of enzyme may exist in skipjack liver from that in grass carp liver.
Alcohol dehydrogenase (ADH) [alcohol: NAD
+ oxidoreductase, EC 1.1.1.1] catalyzes the interconversion between alcohols and the corresponding aldehydes. It is widely distributed in plants, animals (Sund & Theorell, 1965) , yeast (Racker, 1955) , and bacteria (Demoss, 1955) . In yeast whose respiration proceeds via the Embden-Meyerhof-Parnas pathway (glycolytic pathway), ADH has a well-defined physiological role in the reduction of ethanal to ethanol. In vertebrates it exists mainly in the liver, and weak activity has been reported to occur in the alimentary canal, kidney, brain, and retina (Sund & Theorell, 1965) . Mammalian liver ADH is known to be involved in such important reactions as vitamin A interconversion and in fructose metabolism. In mammals, ADH has been purified from human (Valee & Bazzone, 1983) , horse (Dafeldecker & Vallee, 1982) , monkey (Dafeldecker et al., 1985; Seeley & Holmes, 1981) , mouse (Algar et al., 1983) , baboon (Holmes et al., 1986) and guinea pig (Keung & Fong, 1988) . All of these enzymes are reported to be homodimers with a subunit of about 40 kDa (Pietruszko, 1980) . Mammalian ADH exists as isozymes that can be classified into three groups (type 1, 2 and 3) based on their physicochemical and catalytic properties (Pietruszko, 1980) . In fish, ADH has been purified from the liver of grass carp (Fong, 1991) . On SDS-PAGE, grass carp ADH gave a single band of about 28 kDa. However, information on ADH and its isozymes is still limited in fish. We recently reported the organ distribution of ADH in several fishes (Nagai et al., 1997) , and earlier discovered the presence of isozymes (ADH-1 and -2) and purified and characterized ADH-2 from skipjack liver (Nagai et al., 1996) . Although ADH-1 has been purified from skipjack liver, its yield was very low. In this paper, we describe an improved purification method to increase the yield of the enzyme. We characterize ADH-1 from skipjack liver and compare the properties with other species enzymes.
Materials and Methods
Fish Fresh skipjack tuna Katsuwonus pelamis, weight 1.7-2.3 kg, were purchased from a fish market, then immediately transported to the laboratory where livers were taken out and used for experiments.
Chemicals DEAE-Toyopearl 650M, Blue-Toyopearl 650ML, CM-Toyopearl 650M, and Toyopearl HW-55F were from Tosoh Co. (Tokyo). Marker proteins for gel chromatography were from Boehringer Mannheim Co. (Tokyo). Marker proteins for electrophoresis were from Sigma Chemical Co. (St. Louis, MO). NAD + was from Oriental Yeast Co. (Tokyo). All other reagents were of analytical grade.
Assay of enzyme activity ADH activity was measured according to the method of Nagai et al. (1996) . The standard assay mixture contained 3.265¥10 -2 M glycine-NaOH buffer (pH 11.0), 1.59¥10 -3 M NAD + , and 1.63¥10 -2 M ethanol. The reaction was initiated by addition of 0.025 ml of enzyme solution. One unit of enzyme activity was defined as the activity that produces 1 m mol of NADH per min at 25˚C.
Determination of protein concentration The concentration of proteins was determined according to the method of Lowry et al. (1951) using bovine serum albumin as the standard. Absorbance at 280 nm was used to uv-monitor protein concentration in column chromatography.
Molecular weight determination The molecular weight of ADH was estimated by gel filtration and SDS-PAGE. Gel filtration was carried out using a Toyopearl HW-55F column (2.6¥90 cm) which had been equilibrated with 10 mM sodium phosphate buffer (pH 7.0) containing 4 mM 2-mercaptoethanol (2-ME). Ferritin (450 kDa), catalase (240 kDa), aldolase (158 kDa) and albumin (68 kDa) were used as the markers. SDS-PAGE was conducted according to the method of Laemmli (1970) using 10% polyacrylamide gel.
Fractionation of liver homogenate The liver (74.2 g) was homogenized with three volumes of 50 mM sodium phosphate buffer (pH 7.0) containing 4 mM 2-ME and 2 mM phenylmethylsulfonyl fluoride (PMSF). After centrifugation at 178,200¥g for E-mail: machin@fish-u.ac.jp 30 min, the supernatant was brought to 30% ammonium sulfate saturation. The supernatant obtained was brought to 60% saturation and the precipitate collected was dissolved in 50 mM sodium phosphate buffer (pH 7.0) and dialyzed against 10 mM sodium phosphate buffer (pH 7.0) containing 4 mM 2-ME and 1 mM ethylenediaminetetraacetic acid (EDTA). The dialysate was applied to a DEAE-Toyopearl 650M column (1.0¥6.0 cm) which had previously been equilibrated with 10 mM sodium phosphate buffer (pH 7.0) containing 4 mM 2-ME and 1 mM EDTA, and ADH-1 was eluted with the same buffer. ADH-1 appeared in the pass-through fraction. This fraction was loaded on a CM-Toyopearl 650M column (1.0¥5.0 cm) which had been equilibrated with 10 mM sodium phosphate buffer (pH 7.0) containing 4 mM 2-ME and 1 mM EDTA. In this chromatography, ADH-1 once again appeared in the pass-through fraction. This fraction was applied to a Blue-Toyopearl 650ML column (1.0¥4.0 cm) which had been equilibrated with 10 mM sodium phosphate buffer (pH 7.0) containing 4 mM 2-ME and 1 mM EDTA. After washing the column, ADH-1 was eluted with a linear gradient of 0-0.5 M NaCl in the same buffer. The pool of ADH-1-containing fractions was dialyzed against the buffer used for the column equilibration and then concentrated to 1.5 ml using polyethylene glycol 20,000. The concentrated enzyme solution was loaded on a Toyopearl HW-55F column (1.5¥120 cm) which had been equilibrated with 10 mM sodium phosphate buffer (pH 7.0) containing 4 mM 2-ME and 1 mM EDTA. Elution was performed using the same buffer.
Results
Purification of ADH-1 As summarized in Table 1 , ADH-1 was purified about 490-fold and the yield was 11%.
Estimation of molecular weight Based on our previous paper (Nagai et al., 1996) , the enzyme obtained from these chromatographies was identified with ADH-1. The molecular weight of skipjack ADH-1 was estimated to be about 140 kDa by Toyopearl HW-55F gel filtration. On SDS-PAGE, ADH-1 gave a single band of about 33 kDa (Fig. 1) .
Effects of pH and temperature The activity of skipjack ADH-1 was measured at different pHs at 25˚C for 5 min. The optimum pH was about 9.0 ( Fig. 2A) . The enzyme was incubated at different pHs in 20 mM Britton-Robinson buffer (diethylbarbitric acid-HCl buffer) at 4˚C for 60 min, then pH was adjusted to 9.0 and the residual activity was measured. As shown in Fig. 2B , skipjack ADH-1 was stable at pHs between 9.0 and 10.0, but unstable above pH 11 or below pH 8.0.
Skipjack ADH-1 activity was assayed at different temperatures at pH 7.0 for 30 min. Consequently, it was found that the enzyme shows the highest activity at 35˚C (Fig. 2C) . The enzyme was preincubated at different temperatures in 10 mM sodium phosphate buffer (pH 7.0). At timed intervals, 6 tubes were taken out and cooled in ice water and remaining activities were measured at 25˚C for 5 min. When incubated at 20˚C, this enzyme was stable throughout the experiment, but at 25˚C, the enzyme activity was gradually decreased to 50% of the original activity (Fig. 2D) .
Effects of metal ions and SH-blocking reagents The effects of metal ions and SH-blocking reagents on the activity of ADH-1 are shown in , Na 2+ and Zn 2+ had no effect on the activity. As regards SH-blocking reagents, skipjack ADH-1 activity was greatly inhibited by CH 2 ICOOH, PCMB and DTNB, indicating that this enzyme is a SH-enzyme.
Substrate specificity To examine the substrate specificity of ADH-1, the activity of the enzyme was measured using ethanol, propanol, butanol, hexanol, acetaldehyde and propionaldehyde as the substrates (Table 3) . As a result, among alcohols tested the enzyme showed the highest affinity for butanol (K m = 0.32 mM) followed by ethanol (K m =0.86 mM) and propanol (K m = 1.81 mM), but showed low affinity for hexanol (K m =4.02 mM).
Discussion
This paper reports improvements in purification procedures. In comparison with our previous paper (Nagai et al., 1996) , the yield (11 times) and specific activity (4 times) of the enzyme were raised. ADH-1 had a molecular weight of about 140 kDa and consisted of four identical subunits (33 kDa). It is reported that the molecular weights of human (Lange et al., 1976) , mouse (Algar et al., 1983) , rat (Holmes et al., 1986; Lad & Leffert, 1983) , pig (Keung & Fong, 1988) and horse (Seeley & Holmes, 1984) ADHs are in the range of 79 to 85 kDa (liver ADH, 79-85 kDa; stomach ADH, 80-85 kDa), and that all of them are homodimers of subunit (37-42 kDa). Moreover, the molecular The enzyme was incubated at different temperatures at pH 7.0 for 30 min. After incubation, the tubes were placed in ice and then were assayed for residual activity as described in the text. An enzyme which had been purified from skipjack liver about 488.7-fold was used in this study. 100 o-Phenanthroline 5 The enzyme activity was assayed under standard conditions. An enzyme which had been purified from skipjack liver about 488.7-fold was used in this study. PCMB: p-chloromercuribenzoic acid, DTNB: 5,5¢-dithiobis(2-nitrobenzoic acid), EDTA: ethylendiaminetetraacetic acid, NaN 3 : sodium azide. The enzyme activity was assayed 50 mM glycine-NaOH buffer (pH 11.0). Kinetic constants for the alcohols were determined by varying the alcohol concentration at 0.3 mM NAD + . K m for NAD + was determined at 16 mM ethanol. Kinetic constants for the aldehydes were determined by varying the aldehyde concentration at 0.1 mM NADH. K m for NADH was determined at 3 mM acetaldehyde and the enzyme activity was assayed in 0.1 mM sodium phosphate buffer (pH 7.5).
weights of yeast (Racker, 1955) and wheat (Langston et al., 1979) ADH are reported to be 141 kDa and 116 kDa, respectively. The former was a homotetramer of subunit (35 kDa) and the latter was a homodimer of subunit (58 kDa). Therefore, the molecular weight of skipjack ADH-1 was larger than those of mammalian ADHs, but similar to yeast ADH. On the other hand, it is reported that grass carp liver ADH had a subunit of about 28 kDa (Fong, 1991) . The optimal pH of ADH-1 was about 9 when ethanol was used as the substrate. This value was lower than those of human liver (pH 10.8) (Lange et al., 1976) , grass carp liver (pH 10.5) (Fong, 1991) , rat stomach (pH 11.0) (Julia et al., 1987) , and pig liver (type A, pH 10.5; type B, pH 11.5) (Keung & Fong, 1988) , but higher than those of horse liver (pH 6.5 to 8.0) (Lad & Leffert, 1983) , soybean (pH 8.7) (Leblová & Perdlerova, 1976) , and rat liver (pH 8.3-8.8) (Lad & Leffert, 1983) . It is known that a normal (optimal pH; 8.5) and atypical (optimal pH; 11.0) type ADHs exist in human liver (von Wartburg et al., 1965) . In this point skipjack ADH-1 was similar to an atypical one. The enzyme has SH-groups in its active site since it is inhibited by SH-blocking reagents. During chromatographic separations, this enzyme easily lost its activity in the absence of 2-ME. This also supports that ADH-1 is a SH-enzyme.
Skipjack ADH-1 showed the highest affinity for butanol, and lowest affinity for hexanol. The K m value of skipjack ADH-1 for butanol was similar to those of horse liver ADH (0.25 mM) (Pietruszko et al., 1973) , rat liver ADH (0.17 mM) (Julia et al., 1987) , pig liver ADH-A (0.80 mM) (Keung & Fong, 1988) , and horse liver ADH (0.51 mM) (Seeley & Holmes, 1984) , but much lower than that of human liver ADH (0.033 mM) (Lange et al., 1976) . In mammals, it is reported that K m value of ADH for alcohols decreases with an increase in the chain length of alcohol, but this tendency was not observed in skipjack liver ADH-1. The K m value of skipjack ADH-1 for NAD + was similar to those of rat liver ADH (0.025 mM) (Julia et al., 1987) , horse liver ADH (0.02 mM) (Seeley & Holmes, 1984) , and cod liver ADH (0.04 mM) (Danielsson et al., 1992) , but higher than those of rat liver ADH (0.176 mM) (Lad & Leffert, 1983) and grass carp liver ADH (0.166 mM) (Fong, 1991) . Numerous studies on ADH have been performed in mammals, but few can be found on fish ADH. Although it has been reported that at least three molecular forms having the alcohol oxidizing activity exist in grass carp liver (Fong, 1991) , two enzymes are present in skipjack liver, and these may be in the form of isozymes because of the difficulties of subunit compositions and the degree of inhibition by Zn (Nagai et al., 1996) . In comparison with grass carp enzyme, skipjack ADHs were another type of enzyme showing a different substrate specificity and subunit composition. To elucidate the existence of isozymes in fish liver, electrophoresis should be performed using starch gel and the biochemical and physicochemical properties characterized.
